We examined Na + -K + -ATPase activity and the levels of al-, all-, and p-subunit mRNA and protein in aortic cells of diabetic rats. Diabetes was induced by streptozocin. Na + -K + -ATPase activity was significantly reduced on the 2nd day of diabetes (9.4 ± 1 . 3 vs. 17.5 ± 2.1 (jimol NADH • mg~1 protein • h \ P < 0.05) and remained depressed on days 7 and 14. The levels of 5.3-kilobase (kb) mRNA band of the catalytic «ll-subunit of Na + -K + -ATPase were also decreased on the 2nd day of diabetes, whereas the second band, 3.4 kb, was not affected. Both bands were significantly decreased on days 7 and 14. This was followed by a reduction in the levels of all-protein (day 14). The levels of al-and p-subunit mRNA and al-protein were not affected by diabetes. A decrease in Na + -K + -ATPase activity was accompanied by a significant (P < 0.001) increase in the cytosolic free Ca 2+ concentrations ([Ca   2+ ],) in diabetic aortic cells (221 ± 18 nM on the 7th day and 242 ± 17 nM on the 14th day vs. 153 ± 7 nM in controls). These findings are consistent with the hypothesis that decreased Na + -K + -ATPase activity and gene expression in vascular smooth muscle cells with accompanied rises in [Ca 2+ ]j may be an important pathogenetic factor in the development of hypertension and atherosclerosis in diabetes.
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We examined Na + -K + -ATPase activity and the levels of al-, all-, and p-subunit mRNA and protein in aortic cells of diabetic rats. Diabetes was induced by streptozocin. Na + -K + -ATPase activity was significantly reduced on the 2nd day of diabetes (9.4 ± 1 . 3 vs. 17.5 ± 2.1 (jimol NADH • mg~1 protein • h \ P < 0.05) and remained depressed on days 7 and 14. The levels of 5.3-kilobase (kb) mRNA band of the catalytic «ll-subunit of Na + -K + -ATPase were also decreased on the 2nd day of diabetes, whereas the second band, 3.4 kb, was not affected. Both bands were significantly decreased on days 7 and 14. This was followed by a reduction in the levels of all-protein (day 14). The levels of al-and p-subunit mRNA and al-protein were not affected by diabetes. A decrease in Na + -K + -ATPase activity was accompanied by a significant (P < 0. 001 Because insulin has been shown to stimulate Na + -K + -ATPase activity (primarily its catalytic ouabain-sensitive allsubunit) (2,3), it is plausible that an insulinopenic state (i.e., diabetes) can be accompanied by low Na + -K + -ATPase activity and increases in [Ca 2+ ], in VSMC. This mechanism can be an important pathogenetic step in development of hypertension in diabetes.
To examine this possibility, we measured Na + -K + -ATPase activity and [Ca 2+ ], in aortic cells isolated from diabetic rats. To further evaluate the role of diabetes in regulating aortic Na + -K + -ATPase, we studied the levels of mRNA and protein of al-, all-, and p-subunits of this enzyme in control and diabetic rats. Male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 175-190 g were used in this study. Diabetes was induced by injection of 65 mg/kg body wt i.v. STZ dissolved in 0.01 M citrate buffer (pH 4.5). Diabetic animals were subdivided into groups untreated for 2 days, untreated for 7 days, treated with insulin for 7 days (daily injections of 3-5 U NPH s.c.), and untreated for 14 days. Animals were allowed food and water ad libitum. All animals were decapitated, and aortas were removed for RNA extraction, Westernblot analysis, and measurements of Na + -K + -ATPase activity and [Ca 2+ ], RNA extraction and Northern-blot analysis were performed as follows. Total cellular RNA was purified by the guanidinum isothiocyanate method from freshly isolated aortas. Twenty micrograms of denatured total cellular RNA was electrophoresed in 1.4% agarose and 2.7% formaldehyde gels and blotted onto a nitrocellulose membrane and cross-linked by baking at 80°C for 2 h in a vacuum oven. DNA probes for Na + -K + -ATPase al-, all-, 0-subunits, and p-actin were labeled with [ 32 P]dCTP by the random-primer method by Boehringer Mannheim (Indianapolis, IN) labeling kits. The levels of RNA transcripts were measured by scanning autoradiograms vertically with a video densitometer (model 620, Bio-Rad, Richmond, CA). Relative shifts in gene transcript concentrations were quantified by obtaining a ratio of the densitometric area of each peak of Na + -K + -ATPase gene transcript compared with area of each p-actin peak. Na + -K + -ATPase activity was measured as follows. After the removal of adventitia and small fragments of the outer membrane, aortas (0.5-1 g) were minced and homogenized in 5 ml of ice-cold buffer (300 mM D-mannitol, 5 mM EGTA, 15 mM Tris, pH 7.4) with Tissumizer (Tekmar, Cincinnati, OH). Homogenate was then centrifuged at 8000 x g for 20 min at 4°C. Supernatant was further centrifuged at 100,000 x g for 60 min at 4°C to pellet the crude preparation of cell membrane fraction. The measurements of the ouabain-sensitive Na + -K + -ATPase activity were carried out as described by Simon et al. (4) . Results are expressed as micromoles of NADH converted to NAD per milligram of protein per hour.
RESEARCH DESIGN AND METHODS
Streptozocin
For Western-blot analysis, aortas were homogenized in 2.5 ml of buffer (5 mM EGTA, 15 mM Tris, 1 mM phenylmethylsulfonyl fluoride, and 1 |xg/ml each of leupeptin, pepstatin A, antipain, and STI [Sigma]), and the crude cell membrane fraction was isolated as described above.
Ten micrograms of protein of a membrane fraction was applied to 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, without heating of the samples, and blotted onto a nitrocellulose membrane (5). The blots were blocked with 5% dried milk in Tris-buffered saline-Tween 20 (20 mM Tris, 137 mM NaCI [pH 7.6], 0.1% Tween 20) overnight. The blots were then incubated with an antibody (McK1 was diluted in 1:100 and McB2 in 1:500) for 1 h, washed, incu- 3 , 20 mM HEPES, 10 mg/ml bovine serum albumin, and 30 mg/dl glucose at pH 7.4 with collagenase for 2 h at 37°C. Freshly isolated cells were resuspended in 2 ml of the same buffer but without collagenase. To introduce fura 2 intracellularly, 12.5 |xg of fura 2-AM was added to 2 ml of cell suspension to yield a fura 2 concentration of 6.24 JAM. After a 45-min incubation at 37°C, [Ca 2+ ]i measurements were performed as previously described (6) with a spectrofluorometer (model 340, Turner, Mountain View, CA). Student's unpaired t test was used to compare the mean ± SE values among the groups.
RESULTS
Na
+ -K + -ATPase activity was significantly (P < 0.05) reduced on the 2nd day of diabetes (Fig. 1 ). This reduction in enzyme activity was also evident on the 7th and 14th days of diabetes. Reduced Na + -K + -ATPase activity was accompanied by a significant increase in [Ca 2+ ]i in aortic cells on the 7th and 14th days of diabetes (Table 1) . There was no change in [Ca 2+ ]i on the 2nd day of diabetes.
Two species of RNA were detected by hybridization with all-subunit cDNA clone: 3.4 and 5.3 kb (Fig. 2) . On the 2nd day of diabetes, only the 5.3-kb band was reduced. Both bands were significantly reduced on the 7th and 14th days of disease (Figs. 2 and 3) . On the 14th day of diabetes, low levels of mRNA were accompanied by a similar reduction in the levels of all-protein (Fig. 4) . Neither mRNA levels of aland (3-subunits nor al-protein levels were affected at any time point studied (not shown). Seven days of insulin treatment restored Na + -K + -ATPase activity (P < 0.05; Fig. 1 ), reduced [Ca 2+ ]i to normal levels (158 ± 11 nM, P < 0.01), and partially restored the levels of 5.3-kb band of all-subunit mRNA(P< 0.01; Fig. 3 ).
DISCUSSION
These observations indicate that STZ-induced diabetes rapidly resulted in diminished Na + -K + -ATPase activity in rat aorta, with subsequent reduction in the rate of synthesis of Na + -K + -ATPase. The fact that hypoinsulinemia causes a decrease in Na + -K + -ATPase activity was not unanticipated. From pioneering work of Clausen and Hansen (7) and Moore (8) , it has been well-recognized that insulin stimulates Na + -K + -ATPase in various tissues (2, (7) (8) (9) . Insulin, along with catecholamines, is considered to be the principal mediator of acute hormonal control of Na + -K + -ATPase (10). Reduced activity of this enzyme has been found both in diabetes and starvation (10) (11) (12) . These findings are the first indication that a similar reduction occurs in VSMC as well.
Decreases in the levels of all-subunit mRNA may be related to the lack of insulin or to the lower levels of thyroid hormones. The latter appear to be an important hormonal stimulus for the long-term regulation of Na + -K + -ATPase (13).
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Further studies are needed to examine the interplay between diabetes and thyroid hormone concentrations in regulating Na + -K + -ATPase activity and gene expression.
A reduction in Na + -K + -ATPase activity was followed by an accumulation of intracellular Ca 2+ . In 1939, Max Burger published observations that depositions of Ca 2+ in the human aortic wall paralleled those of cholesterol, possibly contributing to the development of atherosclerosis (14) . These findings were later corroborated by Fleckenstein et al. (14) , who found not only an age-dependent increase in the arterial Ca 2+ accumulation but also a dramatic acceleration of this process in poorly controlled diabetes.
Herrera et al. (15) have reported an isoform-specific modulation of Na + -K + -ATPase a-subunit gene expression in aortas of hypertensive rats. Similar to our findings in diabetes, they observed a significant reduction in all-subunit mRNA levels. At the same time, Sada et al. (16) have found increased [Ca 2+ ]| and muscle tension in aortic tissues isolated from spontaneously hypertensive rats. Assuming that Blaustein's theory is correct, and low Na + -K + -ATPase is the driving force for accumulation of intracellular Ca 2+ , our findings indicate that the reduction in Na + -K + -ATPase activity seen in STZ-induced diabetes may represent an important pathogenetic mechanism for the development of hypertension in diabetes.
